The tremendous success of Staphylococcus aureus as a pathogen is due to the controlled expression of a diverse array of virulence factors. The effects of host environments on the expression of virulence factors and the mechanisms by which S. aureus adapts to colonize distinct host tissues are largely unknown. Vertebrates have evolved to sequester nutrient iron from invading bacteria, and iron availability is a signal that alerts pathogenic microorganisms when they enter the hostile host environment. Consistent with this, we report here that S. aureus senses alterations in the iron status via the ferric uptake regulator (Fur) and alters the abundance of a large number of virulence factors. These Fur-mediated changes protect S. aureus against killing by neutrophils, and Fur is required for full staphylococcal virulence in a murine model of infection. A potential mechanistic explanation for the impact of Fur on virulence is provided by the observation that Fur coordinates the reciprocal expression of cytolysins and a subset of immunomodulatory proteins. More specifically, S. aureus lacking fur exhibits decreased expression of immunomodulatory proteins and increased expression of cytolysins. These findings reveal that Fur is involved in initiating a regulatory program that organizes the expression of virulence factors during the pathogenesis of S. aureus pneumonia.
Staphylococcus aureus is one of the most significant infectious threats to human health. This fact is reinforced by the increasing incidence of nosocomial as well as community-acquired infections worldwide (23) . S. aureus is responsible for an array of diseases ranging from minor skin and soft tissue infections to more invasive and serious infections, such as pneumonia, osteomelytis, and endocarditis. The ability of S. aureus to cause such diverse diseases is due primarily to an arsenal of virulence factors encoded in the staphylococcal genome (21, 47) .
During infection of mammalian hosts, pathogens are exposed to a variety of environmental signals that have the potential to influence the expression of virulence factors. These signals include, but are not limited to, changes in nutrient availability, temperature, pH, osmolarity, and oxygen tension. S. aureus senses these and other cues to alter the expression of virulence factors (2, 11, 12, 15, 26, 37, 50, 56, 69) ; however, the molecular mechanisms employed by staphylococci to sense signals present in thejr hosts are not well understood.
One key environmental signal that pathogens encounter during infection of vertebrates is alterations in the iron status (10) . In vertebrates bioavailable iron is scarce, and most of the iron is in erythrocytes bound by hemoglobin. S. aureus, like most pathogens, requires iron to multiply and cause disease (62) . To acquire iron from its host, S. aureus encodes two heme acquisitions systems (Isd and Hts) (62) and produces siderophores (17, 19) . The importance of iron acquisition to S. aureus pathogenesis is highlighted by the observation that disruption of iron acquisition results in reduced virulence in systemic animal models of infection (19, 61, 66) . Notably, staphylococcal strains defective in heme uptake are not attenuated for virulence in murine models of pneumonia, suggesting that heme iron is not a critical nutrient for S. aureus in the murine lung (39) .
Bacteria are known to sense iron-limited environments via the ferric uptake regulator (Fur) (31) . Fur-mediated sensing of iron availability is conserved across Gram-positive and Gramnegative bacteria (31, 35) . Generally, Fur is a repressor that binds to DNA, inhibiting the expression of target genes when iron is abundant in the bacterium. Conversely, in iron-limited environments, Fur-mediated repression is lifted and target genes are expressed. Staphylococcal Fur regulates the expression of genes encoding iron acquisition systems (5, 19, 41, 66, 71) , influences the expression of a large number of cytoplasmic proteins (25) , is involved in biofilm formation (33) , and affects the expression of antioxidative stress proteins (25, 32, 56) .
In the present study we determined the contribution of Fur to the expression of a subset of secreted staphylococcal virulence factors and evaluated the impact of Fur on S. aureus-host interactions. Our data demonstrate that S. aureus senses iron limitation via Fur to coordinate increased production of hemolysins and cytotoxins. Notably, our study also revealed that staphylococci lacking Fur are more susceptible to hostmediated clearance, a phenotype associated with decreased production of immunomodulatory proteins involved in avoidance of neutrophil-mediated killing. Taken together, our results indicate that Fur is an important regulator produced by S. aureus during infection to modulate a potent cytotoxic and immunity-modulating response.
MATERIALS AND METHODS
Ethics statement. Mouse infections were approved by Vanderbilt University's Institutional Animal Care and Use Committee (IACUC). All experiments conformed to regulatory guidelines for animal infections.
Bacterial strains and growth conditions. S. aureus clinical isolate Newman was used in all experiments unless stated otherwise. The other S. aureus strains were obtained from the Network on Antimicrobial Resistance in Staphylococcus aureus and Frank DeLeo (Rocky Mountain Laboratories, NIAID, NIH). The Newman ⌬fur::tet and ⌬fur hla::ermC strains were created by transduction of previously created mutant loci (42, 49) to strain Newman with the transducing phage -85 as previously described (60) .
S. aureus strains were grown in tryptic soy broth (TSB) (Difco) or Roswell Park Memorial Institute culture medium 1640 (RPMI) (Invitrogen) supplemented with 1% Casamino Acids (RPMIϩCAS) and 300 to 400 M dipyridyl (ironrestricted medium). When required, the culture medium was supplemented with 10 g/ml of chloramphenicol and/or 10 g/ml of erythromycin. Overnight cultures were grown in 5 ml medium in 15-ml tubes kept at a 45 o angle and incubated at 37 C with shaking at 180 rpm. Following overnight growth, bacteria were subcultured using a 1:100 dilution for 4 to 6 h as described above. Escherichia coli DH5␣ was used to propagate plasmids and was grown on LuriaBertani (LB) agar and in LB broth supplemented with 100 g/ml of ampicillin.
Construction of complementation vectors. For construction of the fur (S. aureus Newman NWMN_1406) complementation plasmid, we generated a plasmid that contains S. aureus fur under control of the lipoprotein diacylglycerol transferase (lgt) promoter (9) . To this end, a primer annealing to the 5Ј end of the S. aureus fur open reading frame and containing an NdeI site (GGGCATA TGGGACATCGTTGGAAGAACG) and a 3Ј primer containing a BamHI site (CCCGGATCCGCAATTTACTATCCTTTACC) were used to amplify fur from S. aureus strain Newman genomic DNA. The amplicon was inserted into pCR2.1 (Promega), generating plasmid pCR2.1-fur. pCR2.1-fur was digested with NdeI and BamHI, and fur was inserted into pOS1-plgt that had been digested with the same enzymes, generating pOS1plgt-fur. Ligation products were transformed into E. coli, and transformants were selected on LB agar supplemented with ampicillin. Colonies were examined via restriction mapping and PCR to isolate a correct fur complementation plasmid. Complementation plasmids were electroporated into the restriction-deficient S. aureus RN4220 strain (48), after which they were electroporated into the appropriate S. aureus Newman strain. The hla complementation vector has been described previously (49) .
SDS-PAGE of secreted proteins. For proteomic studies S. aureus strains were grown as described above. Exoproteins in S. aureus culture supernatants were precipitated with 10% (vol/vol) trichloroacetic acid (TCA) and incubated for ϳ15 h at 4°C. The precipitated proteins were washed once with 100% ethanol, air dried, resuspended with 25 l of SDS-Laemmli buffer, and boiled at 95°C for 10 min. Proteins were separated using 12 to 15% SDS-PAGE gels and stained with colloidal blue (Invitrogen) or Coomassie blue.
2D-DIGE analysis. For two-dimensional difference in-gel electrophoresis (2D-DIGE) analysis three independent cultures of the wild-type and ⌬fur S. aureus strains were inoculated into RPMIϩCAS and grown to late exponential phase at 37°C. Culture supernatants were then collected, filtered, and concentrated using a Millipore centrifugal device with a 5-kDa cutoff. Concentrated proteins were then washed two times with Tris-buffered saline (TBS) (50 mM Tris [pH 7.5], 150 mM NaCl, 100 M phenylmethylsulfonyl fluoride [PMSF]), and the protein concentration was adjusted to 1 mg/ml. For each sample, 0.25 mg of protein was precipitated and labeled as described previously (25) . The 2D-DIGE gels were prepared and 2D-DIGE and principal component analysis (PCA) were performed as described previously (24, 25) . Proteins were identified as described below.
Liquid chromatography-MS/MS analysis and protein identification. Exoproteins from wild-type and ⌬fur cultures were prepared as described above. Proteins were electrophoresed 2 cm into a 15% SDS-PAGE gel and stained with colloidal blue (Invitrogen). The 2-cm gel regions were excised and subjected to in-gel trypsin digestion and peptide extraction as previously described (30) . The resulting peptides were analyzed using a Thermo Finnigan LTQ ion trap instrument equipped with a Thermo MicroAS autosampler and a Thermo Surveyor high-performance liquid chromatography (HPLC) pump, a nanospray source, and an Xcalibur 2.0 SR2 instrument control. Peptides were separated using a packed capillary tip (100 mm by 11 cm; Polymicro Technologies) with Jupiter C 18 resin (5 mm; 300 Å; Phenomenex) and an in-line trapping column (100 m by 6 cm) packed with the same C 18 resin (using a frit generated with liquid silicate Kasil) similar to the column described previously (65) . The flow from the HPLC pump was split prior to the injection valve to obtain flow rates of 700 nl min Ϫ1 to 1,000 l min Ϫ1 at the column tip. Mobile phase A consisted of 0.1% formic acid, and mobile phase B consisted of 0.1% formic acid in acetonitrile. A 95-min gradient was used with a 15-min washing period (100% mobile phase A for the first 10 min, followed by a gradient to 98% mobile phase A at 15 min) to allow loading and flushing of any residual salts. Following the washing period, the gradient was changed to 25% mobile phase B at 50 min and then to 90% mobile phase B by 65 min, which was used for 9 min before the conditions were returned to the initial conditions. Tandem spectra were acquired using a data-dependent scanning mode in which one full mass spectrometry (MS) scan (m/z 400 to 2,000) was followed by nine MS/MS scans. Tandem spectra were compared with data for the Newman strain of the S. aureus subset in the UniRef100 database using the SEQUEST algorithm. The database was concatenated with the reverse sequences of all proteins in the database to allow determination of false-positive rates. The Sequest outputs were filtered through the ID Picker suite, which allows the user to set a false discovery rate threshold (e.g., 0.05 or 5%) based on reverse sequence hits in the database, and proteins were required to be identified by two or more unique peptides. Reassembly of a protein from identified peptide sequences was done with the aid of a parsimony method recently described by Zhang et al. (73) , which identifies and clusters together indiscernible proteins (protein groups) that can account for the identified peptides.
Hemolysis and cytotoxicity assay. The hemolytic activity of staphylococcal exoproteins was determined as described previously (6) . For cytotoxicity assays, HL-60 cells (ATCC CCL-240) were grown as recommended by ATCC in a 5% CO 2 atmosphere in an incubator at 37°C. Cells were seeded at a concentration of ϳ1.2 ϫ 10 5 cells per well on 96-well plates. HL-60 cells were routinely intoxicated with 2 to 10 l of staphylococcal culture supernatant for 3 h. Cell viability was examined by inverted light microscopy and was quantified using the CellTiter 96 reagent (Promega). The HL-60 viability data are expressed below as percentages of viable cells (optical densities at 490 nm [OD 490 ]); the value for cells treated with medium was defined as 100%.
Western blotting. Precipitated exoproteins obtained as described above were loaded on 12% SDS-PAGE gels and then transferred to nitrocellulose membranes. The membranes were blotted with antibody against Hla as the primary antibody (44) and Alexa Fluor 680-conjugated anti-rabbit secondary antibodies (Invitrogen). Membranes were dried and scanned using an Odyssey infrared imaging system (LI-COR Biosciences). The entire experiment was carried out three times independently.
Mouse model of infection. The wild-type and fur mutant strains were grown overnight in 5 ml of RPMIϩCAS. Overnight cultures were then subcultured 1:100 in RPMIϩCAS and grown to late log phase until the optical densities of the cultures were similar. To create the individual inocula, the cultures were centrifuged, the supernatants were removed, and the bacterial pellets were washed in 5 ml of endotoxin-free phosphate-buffered saline (PBS) twice. The pellets were then resuspended in 1.5 ml of endotoxin-free PBS, and the OD 600 was determined.
Seven-to 8-week-old female C57BL/6J mice (Jackson Laboratories) were infected intranasally with the wild-type and fur mutant strains (3 ϫ 10 8 to 5 ϫ 10 8 CFU resuspended in 30 l of PBS) as described previously (8) . Briefly, mice were anesthetized, and 30 l of a bacterial culture was inoculated into the right nare of each mouse; the mice were held upright for 30 s following inoculation. The mice were monitored closely over the course of infection. At 6 and 18 h after infection, mice were euthanized with CO 2 , the lungs were removed and homogenized in PBS, and bacterial loads were determined based on colony formation Neutrophils were depleted by intraperitoneal injection of 250 g rat IgG2b anti-Gr-1 monoclonal antibody (MAb) RB6-8C5 (anti-neutrophil antibody) in 100 l PBS 24 h prior to infection and again at the time of infection. The appropriate inoculum was determined in preliminary experiments (data not shown) by infecting groups of three neutrophil-depleted C57BL/6J mice with S. aureus wild-type strain Newman using the following inocula: 1.2 ϫ 10 8 CFU, 2.2 ϫ 10 7 CFU, 6 ϫ 10 6 CFU, 1.2 ϫ 10 6 CFU, and 1.5 ϫ 10 5 CFU. Mice were euthanized at 18 h postinfection, and lungs were harvested for enumeration of CFU. Based on the results of this preliminary experiment, an inoculum of 2 ϫ 10 7 CFU was selected. To compare the virulence of the ⌬fur strain in neutropenic mice with that of the wild type, groups of 10 mice were infected by intranasal inoculation of 2.9 ϫ 10 7 CFU (wild type) or 1.5 ϫ 10 7 CFU (⌬fur strain) bacteria in 30 l PBS. Mice were euthanized at 18 h postinfection, and lungs were harvested for enumeration of CFU.
Flow cytometry. Erythrocyte-free total lung homogenates from C57BL/6J animals infected with S. aureus or uninfected animals were stained for four-color flow cytometric analysis as described previously using a FACSCalibur instrument (Becton Dickinson) (67) . The data were analyzed using FlowJo software (Treestar Inc.).
Opsonophagocytic killing assay. The opsonophagocytic killing assay was performed as described previously (15) . To test the role of exoproteins in protecting S. aureus against peritoneal exudate cell-mediated killing, we used a protocol similar to that described above, but the cultures were supplemented with 10% (vol/vol) exoproteins harvested from stationary-phase cultures of the S. aureus wild-type strain and the isogenic strain lacking fur grown in RPMIϩCAS. Exoproteins were collected from normalized cultures (based on OD 600 ) grown to stationary phase. Equal amounts (volume/volume) of culture supernatants were used in each experiment. The percentage of viable bacteria was calculated by normalizing the values for the samples to the number of input bacteria added to the cultures; the values for wild-type cultures and S. aureus cultures supplemented with exoproteins produced by the wild-type bacterium were defined as 100%.
RESULTS

Fur alters the production of staphylococcal exoproteins.
Iron availability is an environmental signal sensed by microorganisms that is used to regulate the expression of virulence factors (36, 51, 59) . Recently, it was demonstrated that S. aureus senses iron limitation to alter the expression of iron uptake systems, as well as the expression of a series of virulence factors (2) . S. aureus is known to monitor iron availability via Fur (25, 32, 41, 66, 71) ; however, the global contribution of iron and Fur to staphylococcal exoprotein production has not been evaluated. Therefore, we decided to investigate the effects of Fur-mediated iron sensing on the production of secreted staphylococcal virulence factors. To this end, we analyzed the exoprotein profiles of normalized samples collected at exponential, late-exponential, and stationary phases from S. aureus wild-type strain Newman and an isogenic strain lacking fur (⌬fur strain) grown in iron-sufficient medium and ironlimited medium (medium supplemented with 300 to 400 M 2,2Ј-dipyridyl [DIP], an iron chelator). As observed previously, iron-starved S. aureus and S. aureus lacking fur exhibited delayed growth in liquid culture (Fig. 1A) (32) . After controlling for the growth differences by normalization using the optical density, we found that iron limitation (i.e., medium with DIP) and disruption of fur altered the abundance of exoproteins, particularly at early time points in the growth curve (Fig. 1B) . Expression of fur in trans complemented the exoprotein phenotype exhibited by the fur mutant (Fig. 1C) . Furthermore, the exoprotein phenotype exhibited by staphylococci grown in iron-limited medium (i.e., medium with DIP) was chemically complemented by supplementing the medium with excess iron (Fig. 1C ). An altered exoprotein phenotype in response to iron limitation was also observed when we used both rich and defined media (i.e., tryptic soy broth [TSB] and Tris-minimal succinate [TMS] medium) and the iron chelator ethylene diamine-di(omega-hydroxyphenol acetic acid (EDDHA) (data not shown). These results demonstrated that S. aureus senses iron availability via Fur to regulate the production and/or secretion of exoproteins.
To confirm that the effect of iron limitation on the production and/or secretion of staphylococcal exoproteins is not strain specific, we analyzed the effect of iron deprivation on the production of exoproteins using a panel of S. aureus strains. Iron limitation altered the exoprotein profiles of all strains tested, including S. aureus strains associated with osteomyelitis infections (UAMS-1) (28), lineages associated with hospitalacquired infections (USA100 and USA500), and strains associated with community-acquired infections (USA300 and USA400), as well as a commonly used laboratory strain (RN6390) (Fig. 1D) . These results support the notion that the observed response to iron limitation is conserved across staphylococcal strains.
Fur senses iron limitation to enhance staphylococcal hemolytic and cytotoxic activities. S. aureus secretes a large number of proteins into the extracellular milieu, including hemolysins and cytotoxins, which are pivotal for staphylococcal pathogenesis (7, 8, 21, 44, 46, 64) . We found that S. aureus lacking fur exhibits increased hemolysis on blood agar plates compared to the wild type, a phenotype that was complemented by providing fur in trans ( Fig. 2A) . Liquid hemolysis assays revealed that iron limitation induces levels of hemolysis similar to those observed with S. aureus lacking fur (Fig. 2B) . Supplementation of dipyridyl-treated S. aureus cultures with iron eliminated the increased hemolytic activity, confirming that the increase in hemolysis was due to dipyridyl-mediated iron chelation (Fig.  2B) . Similar results were observed when the experiments were repeated with both rich and defined media (i.e., TMS medium and TSB) or when cultures were exposed to the iron chelator EDDHA (data not shown).
Disruption of hla, the gene that codes for alpha-toxin, eliminated the increased hemolytic activity exhibited by S. aureus lacking fur (Fig. 2C) , suggesting that alpha-toxin was responsible for the observed increase in hemolysis. Consistent with this, expression of hla in trans in a fur-and hla-deficient background rescued the enhanced hemolytic activity exhibited by the fur mutant (Fig. 2C) . These data suggest that S. aureus senses iron limitation via Fur to regulate the expression of alpha-toxin. To confirm this, we performed immunoblot analyses to monitor the abundance of alpha-toxin in culture supernatants of the wild-type strain and the isogenic fur mutant strain. This experiment revealed that alpha-toxin was more abundant in the culture supernatants of the fur mutant than in the culture supernatants of the wild-type strain at both the exponential and late-exponential phases of growth (Fig. 2E) . Notably, the level of alpha-toxin production in iron-starved S. aureus was not as high as the level of production in the fur mutant during exponential growth, suggesting either that alpha-toxin is subjected to both iron-dependent and iron-independent regulation by Fur or that DIP-mediated iron starvation is less absolute than mutation of fur.
Next we evaluated the impact of iron availability and Fur on the cytolytic activity of S. aureus with nonerythroid cells. We found that iron limitation or fur inactivation increased the cytotoxic potential of S. aureus with HL-60 cells, which are human promyelocytic cells that differentiate into leukocytelike cells upon stimulation with a variety of agents (14) (Fig.  2D ). Similar results were obtained when human epithelial cells from lungs, kidneys, and livers were examined (data not shown). Taken together, the results suggest that expression of staphylococcal hemolysins and cytotoxins is affected by Fur. Fur coordinates the expression of staphylococcal virulence factors. To determine the identities of secreted proteins whose expression is under Fur-mediated control, we employed twodimensional difference in-gel electrophoresis (2D-DIGE) to compare the exoprotein profiles of the S. aureus wild-type strain and the isogenic strain lacking fur. To this end, three independent exoprotein samples were prepared for each strain and coresolved in pairs in three 2D-DIGE gels using previously described techniques (Fig. 3) (25) . Because samples were coresolved on each 2D-DIGE gel with an internal standard comprised of equal aliquots of all six samples, we were able to normalize the expression values for each resolved protein feature across all samples with statistical confidence. This enabled us to visualize the variation between the six samples on a global level using principal component analysis (PCA), which reduces the variation in a data set to the two largest components (independent of the sample classification). When performed for all 1,065 features that were matched across the six samples, PCA clearly segregated the six samples based on genotype, indicating that there was a high level of reproducibility for the replicate samples (data not shown). The large number of proteins identified in this experiment was due to numerous staphylococcal exoproteins that exhibited multiple isoelectric focusing properties that resulted in three to six isoforms per protein (Fig. 3) (11, 25) . 2D-DIGE analyses identified 386 distinct features that exhibited altered expression patterns in the wildtype and fur mutant strains with P values of Յ0.05 (data not shown). PCA performed for these 386 features produced results similar to the results for the unfiltered data set (data not shown), and a high level of reproducibility was maintained for the replicate samples in each group; no significant sample outliers were detected. The combination of 2D-DIGE and PCA allowed grouping of exoproteins into groups containing (i) proteins with expression patterns were not changed in the fur mutant, (ii) proteins that were less abundant in the fur mutant (Fur acted positively and thus was required for expression), and (iii) proteins that were more abundant in the fur , and mid-stationary phase (OD 590 , ϳ1.7) in iron-sufficient medium and exoprotein profiles of the S. aureus wild-type strain in iron-depleted medium (medium containing 400 M 2,2Ј-dipyridyl) (WTϩDIP). The results for culture supernatants were normalized based on optical density and CFU data, and exoproteins were precipitated with TCA, separated using SDS-PAGE, and stained with Coomassie blue. (C) Exoprotein profiles of the S. aureus wild-type strain (WT), the ⌬fur strain (⌬fur), and the ⌬fur strain transformed with a fur complementation plasmid (⌬fur/pfur) grown to mid-exponential phase (OD 590 , ϳ1.0) and stationary phase (OD 590 , ϳ1.7) in iron-sufficient medium, exoprotein profiles of the S. aureus wild-type strain grown in iron-depleted medium (medium containing 400 M DIP) (WTϩDIP), and exoprotein profiles of the S. aureus wild-type strain grown in medium supplemented with DIP and excess iron chloride (medium containing 400 M DIP and 45 M FeCl 3 ) (WTϩDIPϩFe). The results for supernatants were normalized and analyzed as described above for panel B. (D) Exoprotein profiles for different S. aureus strains grown to stationary phase in iron-sufficient medium and iron-limited medium (medium containing 300 M 2,2Ј-dipyridyl) analyzed as described above for panel B.
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on October 16, 2017 by guest http://iai.asm.org/ mutant (Fur acted negatively and thus the absence of Fur led to increased production). Using these results, we identified 32 proteins by mass spectrometry-based protein identification (25) (Fig. 3 and Tables 1 and 2 ). These experiments revealed that disruption of fur results in decreased production of several immunomodulatory proteins, including the formyl peptide receptor-like 1 inhibitory protein (FLIPr), coagulase (Coa), and six superantigen-like exotoxins (Ssl 1, Ssl 2, Ssl 6, Ssl 7, Ssl 9, and Ssl 11) (Fig. 3) (Tables 1 and 2 ). The number of proteins that can be identified using gelbased proteomic techniques is limited by the molecular weight and pH ranges of the gel and by the abundance of each protein in the proteome. In an effort to identify a larger subset of iron-regulated exoproteins, we employed shotgun proteomic analysis to compare the exoproteome profiles of the S. aureus wild-type and fur mutant strains. Differences in exoprotein abundance between samples were determined by label-free quantitation utilizing spectral counting of tandem spectra acquired for each protein from three independent samples (73) . We identified 108 proteins in the culture supernatant of the wild-type S. aureus strain and 92 proteins in the culture supernatant of the S. aureus strain lacking fur (see Table S1 in the supplemental material). Consistent with previous reports (11, 74), we identified a series of cytoplasmic, membrane, and cell wall-associated proteins thought to be released into the extracellular milieu during autolysis. We also identified a group of proteins that have been predicted to be secreted but have no ascribed function (see Table S1 in the supplemental material). In addition, we identified a large number of staphylococcal exoproteins with known or predicted functions. These exoproteins could be divided into cytotoxins (e.g., Hla, HlgABC, LukED, and LukSF), hydrolases (e.g., nuclease, lipase, and Spl proteases), and a large number of known immunomodulatory proteins (e.g., staphylococcal enterotoxin A [SEA], chemotaxisinhibiting protein [CHIP], staphylococcal complement inhibitor [SCIN] , and Ssl 1 to Ssl 11). We identified 58 proteins that exhibited altered expression patterns in the wild-type and fur mutant strains with P values of Յ0.05 (see Table S1 in the supplemental material). As expected, S. aureus lacking fur overproduced IsdA, IsdB, and IsdH ( Fig. 4A ; see Table S1 in the supplemental material), which are proteins involved in iron acquisition and in protection against host defenses (13, 41, 50, 66, 68) . We found that, among other proteins affected by Fur, ␣-hemolysin (Hla), ␥-hemolysin (HlgC), and leukocidin ED (LukED) were upregulated in the isogenic fur strain (Fig. 4B) . Furthermore, we found that Fur influences the expression of several immunomodulatory exoproteins and exoproteins known to protect staphylococci from host-mediated clearance, as demonstrated by the results for S. aureus lacking fur, which produced lower levels of protein A (SpA), staphylococcal immunoglobulin G-binding protein (Sbi), Ssl proteins (Ssl 1, Ssl 2, Ssl 3, Ssl 4, Ssl 6, Ssl 7, Ssl 8, Ssl 9, Ssl 10, and Ssl 11), Coa, FLIPr, SCIN, extracellular fibrinogen-binding protein (Efb), SEA, and CHIP ( Fig. 4C ; see Table S1 in the supplemental material) (21, 22, 34, 55, 67a) . Taken together, these results suggest that S. aureus coordinates the production of iron acquisition systems together with the production of cytolysins and hemolysins in a Fur-dependent manner.
FIG. 2. S. aureus senses iron availability via Fur to modulate hemolytic and cytotoxic activities. (A) Hemolytic activity exhibited by the S.
aureus wild-type strain (WT), the S. aureus ⌬fur strain (⌬fur), and the S. aureus ⌬fur strain harboring a fur complementation plasmid (⌬fur/pfur) after 24 h of growth on sheep blood-TSA plates. (B) Hemolysis of erythrocytes intoxicated with exoproteins harvested from the wild-type and S. aureus ⌬fur strains grown in iron-sufficient medium, from the wild-type strain grown in iron-limited medium (medium containing 300 M 2,2Ј-dipyridyl) (DIP), and from the wild-type strain grown in medium containing DIP and 10 M iron chloride (DIPϩFe). The data are the means and standard deviations for triplicate determinations. Asterisks indicate statistically significant differences between the samples indicated, as determined by Student's t test (P Ͻ 0.05). (C) Hemolytic activity exhibited by the S. aureus wild-type strain (WT), an isogenic strain lacking fur (⌬fur), a double-mutant isogenic strain lacking fur and hla (⌬fur hla), and the fur hla double-mutant strain harboring an hla complementation plasmid (⌬fur hla/phla) after 24 h of growth on sheep blood-TSA plates. (D) Viability of HL-60 mammalian cells intoxicated with staphylococcal exoproteins harvested from the wild-type strain (WT) grown in iron-sufficient and iron-limited medium (DIP) or with exoproteins harvested from S. aureus lacking fur (⌬fur). Cell viability was measured using CellTiter (Promega). The data are expressed as percentages determined by comparing the number of viable cells with the number of cells grown with medium alone. The data are the means and standard deviations for triplicate determinations. Asterisks indicate statistically significant differences between the samples indicated as determined by Student's t test (P Ͻ 0.05). (E) Exoproteins secreted by the S. aureus wild-type strain (WT) and an isogenic strain lacking fur (⌬fur) were collected at exponential phase and late exponential phase, and the data were normalized based on optical density. Exoproteins were precipitated with TCA, separated using SDS-PAGE, and transferred onto nitrocellulose membranes. The membranes were immunoblotted with anti-Hla antibodies (44) . A nonspecific band that cross-reacted with the anti-Hla antisera was used as a loading control.
TORRES ET AL. INFECT. IMMUN.
Fur alters the ability of S. aureus to avoid killing by peritoneal murine neutrophils. Our proteomics data suggest that S. aureus lacking fur exhibits decreased expression of a number of immunomodulatory proteins thought to be involved in protection against killing by neutrophils (Fig. 4) . Therefore, we sought to determine the role of iron sensing in the ability of S. aureus to avoid neutrophil-mediated clearance. We compared the abilities of wild-type and fur mutant strains to survive in a previously described opsonophagocytic killing assay using peritoneal murine neutrophils (15) . These experiments revealed that disruption of fur decreases the ability of S. aureus to avoid neutrophil-dependent killing (Fig. 5A) .
To specifically test the role of iron-regulated exoproteins in S. aureus-neutrophil interactions, we evaluated the ability of exoproteins produced by a wild-type or fur mutant strain to protect S. aureus from neutrophil-mediated killing. We infected peritoneal murine neutrophils with wild-type S. aureus cells that had been extensively washed, resulting in removal of exoproteins that had accumulated in the supernatant. These bacteria were acutely sensitive to neutrophildependent killing (Fig. 5B) . The effect of adding exoproteins harvested from stationary-phase cultures of the S. aureus wild-type or ⌬fur strain was then evaluated to determine the ability of these proteins to protect wild-type S. aureus in this assay. These experiments demonstrated that exogenous addition of exoproteins produced by the wildtype strain, but not exogenous addition of exoproteins produced by the fur mutant, protected S. aureus against killing by peritoneal murine neutrophils (Fig. 5B) .
Fur is critical to the pathogenesis of staphylococcal pneumonia. S. aureus strains lacking fur exhibit alterations in exoprotein production that correlate with increased susceptibility to neutrophils. This observation suggests that Fur may contribute to the host-pathogen interaction by modulating virulence factor expression in vivo. To investigate the contribution of Fur to S. aureus pathogenesis, we used a murine model of S. aureus pneumonia described by Bubeck Wardenburg et al. (8) . We infected a cohort of C57BL/6J mice with the S. aureus wildtype and isogenic fur mutant strains via the intranasal route. Eighteen hours after infection animals were euthanized, the lungs were aseptically removed, and the bacterial burden was determined by plating preparations on solid medium. We observed that 41% more animals infected with wild-type S. aureus than with the fur mutant succumbed to infection (data not shown). Infection with wild-type S. aureus was associated with differences in the gross pathology of infected lungs (Fig. 5C) , and the bacterial burden in animals infected with wild-type S. aureus was approximately 1.5-log greater than the bacterial burden in animals infected with the fur mutant (Fig. 5D) .
The data described above suggest that S. aureus strains lacking fur are not able to protect themselves against the innate immune response of a host. To evaluate whether a host is able to respond equivalently to wild-type and ⌬fur strains, we performed multiparametric fluorescence-activated cell sorting (FACS) analyses to characterize the innate immune cell profile and the chemokine and cytokine production in lungs infected with wild-type S. aureus and in lungs infected with S. aureus lacking fur. S. aureus infection resulted in time-dependent in- FIG. 3 . 2D-DIGE analysis of exoproteins secreted by the S. aureus wild-type strain and an isogenic strain lacking fur: false-color representative gel from a three-gel set containing differentially labeled samples. Secreted proteins from three independent cultures of the S. aureus wild-type strain (WT) and an isogenic fur mutant (⌬fur strain) were collected and concentrated, and proteins were labeled with fluorescent dye as described in Materials and Methods. Samples were separated using a pI 4 to 7 gel. For the proteins indicated there were statistically significant differences in expression between the wild-type and ⌬fur strains, and the proteins were identified by a mass spectrometry-based protein identification method.
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on October 16, 2017 by guest http://iai.asm.org/ filtration of granulocytes composed primarily of neutrophils ( Fig. 5E and data not shown). We observed no significant differences in the immune cell population or the percentage of recruited cells 6 h after infection between lungs infected with the wild-type strain and lungs infected with the fur mutant (Fig.  5E ). In contrast, a comparison of the immune cell profiles for infected animals at 18 h after infection revealed an increase in the number of neutrophils in the lungs infected with the fur mutant strain despite the fact that the number of cells of this strain was less than the number of cells of the wild-type strain (Fig. 5E ). We observed no significant differences in the concentrations of a subset of cytokines and chemokines involved in inflammation and neutrophil recruitment (interleukin-6 [IL-6], IL-10, IL-12p70, KC, MIP-1␣, MIP-1␤, monocyte chemoattractant protein 1 [MCP-1], and RANTES) in the lungs of animals infected with the wild-type and fur mutant strains (data not shown). Together, these results reveal that Fur is required for full virulence in a mouse model of pneumonia and support a model in which S. aureus expressing Fur exhibits a secreted protein response that is important for the ability of S. aureus to avoid host-mediated clearance.
The virulence defect of the ⌬fur strain is partially dependent on the presence of neutrophils. Based on the requirement for neutrophils for protection of murine lungs against staphylococcal challenge (58), the observed increase in the total number of neutrophils may partially explain the reduction in the bacterial burden in animals infected with the fur mutant ( Fig.  5D and E) . To test this hypothesis, we compared the virulence of the wild-type strain and the virulence of the ⌬fur strain in a murine model of pneumonia using mice that had been depleted of neutrophils. These experiments revealed that neutrophils contribute to the virulence defect of the ⌬fur strain in wild-type mice. Specifically, we observed an approximately 0.5-log difference in virulence between the ⌬fur and wild-type strains in neutropenic mice, which was not statistically significant. This is in contrast to the statistically significant 1.5-log decrease for similar infections in wild-type animals ( Fig. 5D  and F) . The results presented here are consistent with the demonstrated role of Fur-regulated exoproteins in protecting S. aureus from neutrophil-mediated killing (Fig. 5A and B) . Taking all of the data into consideration, it is likely that the attenuation of the ⌬fur strain in a murine pneumonia model is a Gene annotation in the NCBI database for S. aureus strain Newman. b The theoretical molecular weights and isoelectric points were calculated using the database entries, which often contain precursor sequences not present in the mature form migrating on the gel.
c Combined MS and MS/MS search (MOWSE) scores greater than 79 are within the 95% confidence interval. Scores were calculated using the MASCOT v1.9 database search algorithms.
d P values determined by Student's t test. Analysis of variance (ANOVA) P values were calculated using DeCyder software version 6.5 and the mixed-sample internal standard methodology.
e The sample used was a mixed sample containing peptides for Ssl 1 and Ssl 2.
the result of a combination of the decreased fitness and dysregulated exoprotein production of this strain.
DISCUSSION
The importance of S. aureus as a threat to human health is highlighted by the recent increase in infection of otherwise healthy individuals (community-associated infections) and by the emergence of antibiotic-resistant strains. The success of S. aureus as a pathogen is due in part to the expression of an arsenal of virulence factors (21, 47) . At this point it is not well understood how S. aureus coordinates gene expression during infection or what host signals are sensed by S. aureus to regulate the expression of virulence factors. Here we show that S. aureus senses iron availability through Fur to modulate the expression of a variety of virulence factors. Specifically, we show that Fur affects the reciprocal expression of secreted cytolysins and a subset of immunomodulatory factors, which supports the hypothesis that iron-starved S. aureus expresses cytolysins, whereas staphylococci with sufficient iron secrete numerous immunomodulatory factors. The pathophysiological relevance of this coordinated expression program is highlighted by the observation that S. aureus lacking Fur is less virulent in a murine model of pneumonia and by the fact that the differential expression of staphylococcal virulence factors has also been observed in vivo (2) . Despite extensive studies of other organisms, this is the first report of the global impact of Fur on staphylococcal exoprotein production. In addition, this is the first demonstration that Fur is required for pathogenesis in a murine model of staphylococcal pneumonia and the first time that the immune response to a staphylococcal ⌬fur mutant has been studied.
We have performed extensive bioinformatic analyses in a search for putative staphylococcal Fur boxes in the S. aureus genomes available (32, 72) . Similar to the results of previous studies (1, 32, 71) , we have identified Fur boxes in known Fur-regulated genes (e.g., isd, fhu, hts, and sbn promoters), but we were unable to identify Fur boxes in the intergenic regions of genes encoding transcription factors or other Fur-regulated exoproteins (hemolysins, cytotoxins, and immunomodulatory proteins). These results suggest that staphylococcal Fur regulates protein abundance using both direct and indirect mechanisms. In keeping with this, we recently reported that Fur influences the levels of a large number of cytoplasmic proteins, including several proteins that are involved in the regulation of a Gene annotation in the NCBI database for S. aureus strain Newman. b The theoretical molecular weights and isoelectric points were calculated using the database entries, which often contain precursor sequences not present in the mature form migrating on the gel.
d Average volume ratios for only one gel based on the high reproducibility of triplicate samples for the pI 4 to 7 gels. e Coverage for the middle of the protein and running at a lower molecular weight. f The protein was found to be upregulated in culture supernatants of S. aureus lacking fur.
FIG. 4.
Global analysis of exoproteins secreted by the S. aureus wild-type strain (WT) and an isogenic strain lacking fur (⌬fur). The differences in abundance of exoproteins produced by the S. aureus wild-type and isogenic strains lacking fur were determined by liquid chromatography-MS/MS and spectral counting. Exoprotein profiles were subdivided into profiles for iron acquisition (A), cytotoxins and hemolysins (B), and immunomodulatory proteins (C). The data are the means and standard errors of the means for three independent samples. The statistical significance of differences between the samples was analyzed by Student's t test ( * , P Ͻ 0.05). (25, 37) . In addition, several groups have shown that in other bacterial genera, Fur regulates the expression of small regulatory RNAs to alter gene expression (27, 40, 43, 70) . S. aureus is known to express several small and stable RNAs (3, 52, 57) , and whether these regulatory RNAs are controlled by Fur and/or play a role in the phenotypes described in this study is a question now being investigated in our laboratories. Based on the data presented in this study, we propose that Fur is an important regulatory protein that potentially interfaces with other regulatory systems to coordinate the expression of staphylococcal virulence factors during infection. We demonstrated in this study that S. aureus Fur coordinates the production of iron acquisition systems and hemolysins involved in the release of intracellular iron from the host. Increased production of hemolysins in response to iron limitation has been reported for several Gram-negative pathogens, including Yersinia ruckeri (20) , Vibrio cholerae (63) , Serratia marcescens (54) , Vibrio parahaemolyticus (18) , Helicobacter pylori (38) , and Aggregatibacter actinomycetemcomitans (4), among others. Taken together, these studies support a model in which the release of Fur-mediated repression increases the secretion of hemolysins that lyse erythrocytes, resulting in liberation of hemoglobin at the site of infection. In the case of S. aureus, this likely increases the efficiency of hemoglobin capture by the Isd system, facilitating nutrient iron acquisition during pathogenesis (41, 53, 66) . Hence, Fur affects the expression of toxins that are exquisitely suited to increase the amount of available nutrient iron in the host.
Our data also demonstrate that Fur influences the expression of proteins that modulate S. aureus-host interactions, tilting the balance in favor of the host's efforts to combat infection. It seems that under iron starvation conditions S. aureus devotes considerable energy to producing the machinery required for the acquisition of iron. This comes at the expense of decreased production of factors involved in escaping from cells of the immune system, which in turn results in increased susceptibility to immune cell clearance. We envision that during infection of vertebrates S. aureus transitions from iron-sufficient environments to iron-limited environments and thus undergoes an adaptive response. It is conceivable that S. aureus is able to efficiently acquire iron in specific anatomic sites and therefore, when colonizing these sites, focuses its energy on the production of factors that prevent immune cell chemotaxis to the site of infection. However, when S. aureus becomes iron starved, it must acquire iron in order to survive, and thus Fur coordinates a gene expression profile that leads to significant cell lysis and iron uptake. The fact that strains lacking fur are more sensitive to neutrophil-mediated killing in the murine lung suggests that wild-type S. aureus may not be iron starved in this pneumonia model. This hypothesis is supported by the lack of a role for iron uptake systems in staphylococcal pathogenesis using this animal model (39) . Further understanding of how S. aureus senses host environments to coordinate the expression of virulence factors and the mechanism employed by S. aureus to alter host immune responses may uncover novel targets for the development of new treatments for use against this important pathogen. Peritoneal neutrophils were infected with the wild-type (WT) and ⌬fur strains, and the survival of S. aureus, expressed as a percentage, was determined by plating. The value for the wild-type strain was defined as 100%. The data are the means and standard errors of the means for at least three independent experiments. An asterisk indicates that the value is statistically significantly different from the value for the wildtype strain as determined by Student's t test (P Ͻ 0.05). (B) Primary murine peritoneal neutrophils were infected with washed wild-type S. aureus supplemented with medium (Ϫ) or with staphylococcal exoproteins from stationary cultures of the wild-type strain (WT) or the isogenic fur mutant strain (⌬fur). The S. aureus burden was determined by plating, and the value for the sample supplemented with exoproteins produced by the wild-type strain was defined as 100%. The data are the means and standard errors of the means for at least three independent experiments. An asterisk indicates that the value is statistically significantly different from the value for the sample supplemented with exoproteins produced by the wild-type strain as determined by Student's t test (P Ͻ 0.05). (C to F) C57BL/6J mice were infected for 6 and 18 h via the intranasal (i.n.) route with the S. aureus wild-type strain (WT) and an isogenic strain lacking fur (⌬fur). (C) Photographs of lungs dissected from uninfected animals (Ϫ) and from animals infected with the wild-type strain and the fur mutant for 18 h. (D) C57BL/6J mice were infected with the wild-type strain (3.78 ϫ 10 8 CFU) or the isogenic strain lacking fur (3.51 ϫ 10 8 CFU) as described above for panel C. Eighteen hours postinfection lungs were harvested, and the S. aureus burden was measured. Each circle represents one infected animal, and each horizontal line indicates the mean of the log values. The asterisk indicates that the data for the two strains are statistically significantly different as determined by Student's t test (P Յ 0.05). (E) C57BL/6J animals were not infected (Ϫ) or were infected as described above, the lungs were dissected and homogenized, and the infiltration of neutrophils (B220 Ϫ CD11b ϩ Ly6G ϩ ) was determined by multiparametric FACS analysis. The data are the means and standard errors of the means for three independent experiments in which at least two animals were used for each experiment. The asterisk indicates that the data for the two strains are statistically significantly different as determined by Student's t test (P Ͻ 0.05). (F) C57BL/6J mice were made neutropenic by treatment with IgG2b anti-Gr-1 MAb RB6-8C5 and infected with the wild-type strain (2.9 ϫ 10
